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HOT FORGING OF COARSE GRAIN ALLOYS 

RIGHTS OF THE GOVERNMENT 

The invention described herein may be manufactured 
and used by or for the Government of the United States 
for all governmental purposes without the payment of 
any royalty. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to methods 
for hot forming metals and alloys, and more particularly 
to a method for controlling the forging process for 
coarse grain materials to simultaneously enhance forge 
ability and re?ne microstructure. ' 
Hot working behavior of many high melting temper 

ature alloys is sensitive to starting microstructure and 
deformation rate. In as-cast ingot metallurgy metallic 
and intermetallic alloys, particularly single phase alloys, 
coarse grain microstructures are common. Coarse struc 
tures are also common in materials previously heat 
treated or worked at temperatures near (> 90% of) the 
melting point. When such coarse grain structures are 
hot worked, as in isothermal or conventional forging, 
fracture may result if the deformation rate is too high, 
particularly if secondary tensile stresses result such as 
from geometric, friction or other causes. The materials 
are therefore usually forged at relatively low true effec 
tive strain rates (~0.00l in/in/sec) in hydraulic presses. 
At these rates, dynamic restorative processes such as 
recovery and recrystallization occur at sufficient rates 
to prevent generation or growth of microscopic defects 
such as intergranular cracks. In many high melting 
temperature alloys .such as those based on nickel or 
titanium and intermetallic materials such as the alumi 
nides, silicides and beryllides, dynamic recrystallization 
predominates during hot working and usually results in 
re?nement of grain size relative to that of the starting 
materials. The degree of re?nement increases as defor 
mation rate is increased and/ or temperature of deforma 
tion is decreased. 
The invention provides a method of controlling de 

formation rate during hot forging to recrystallize coarse 
grain structures several times during deformation while 
simultaneously avoiding fracture. The method com 
prises initial minimum deformation at a suitably low rate 
in order to effect an initial increment of dynamic recrys 
tallization and grain re?nement without fracture, and 
then further deformation(s) at increased rate(s) to re 
recrystallize and further re?ne the grain structure. 
The invention may be used for hot forging a wide 

range of ingot metallurgy alloys used in aircraft struc 
tures, engines, automotive components and the like. 
Forging response in coarse grain materials having nar 
row working regimes can be enhanced to improve 
product yield while reducing overall forging time and 
?nal product cost. The process may be used for both 
primary fabrication and ?nish forging of components, 
particularly in production operations based on isother~ 
mal forging. 

It is therefore a principal object of the invention to 
provide an improved hot forging method. 

It is a further object of the invention to provide a 
method for hot forging coarse grain alloys. 

It is yet another object of the invention to provide a 
method for controlling the forging process for coarse 
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grain materials to simultaneously enhance forgeability 
and re?ne microstructure. 
These and other objects of the invention will become 

apparent as a detailed description of representative em 
bodiments proceeds. 

SUMMARY OF THE INVENTION 

In accordance with the foregoing principles and ob 
jects of the invention, a method for hot forging coarse 
grain materials to enhance hot workability and to re?ne 
microstructure is described which comprises the steps 
of imposing minimum initial deformation at low strain 
rate to effect initial dynamic recrystallization and grain 
re?nement without fracture, and thereafter increasing 
the deformation rate to recrystallize the material and 
further re?ne grain structure. Depending on the defor 
mation required to achieve full recrystallization at a 

_ given rate, deformation rate can be increased a number 
of times to further re?ne grain structure. 

DESCRIPTION OF THE DRAWINGS 

The invention will be more clearly understood from 
the following detailed description of representative 
embodiments thereof read in conjunction with the ac 
companying drawings wherein: 
FIG. 1 is a graph of flow stress versus true strain 

showing qualitatively the ?ow curve for a material 
which dynamically recrystallizes during hot working; 
FIG. 2 shows qualitatively the relationship of steady 

state grain size as a function of deformation rate and 
temperature; 
FIG. 3 is a graph of fracture strain versus grain size 

showing qualitatively hot workability as a function of 
deformation rate and grain size; 

FIG. 4 is a graph of stroke (strain rate) versus time 
representative of the method of the invention; 
FIG. 5 is a graph of true stress versus true strain for 

Ti-5lAl-2Mn alloy at 2100“ F. at two different strain 
rates; and 
FIG. 6 is a graph of stroke versus time for a forging 

done in demonstration of the invention. 

DETAILED DESCRIPTION 

Referring now to the drawings, FIG. 1 shows qualita 
tively ?ow curve 10 de?ned on a graph of flow stress 
versus true strain E for a material which dynamically 
recrystallizes during hot working. The deformation 
resistance (?ow stress) initially increases with deforma 
tion, passes through a maximum 11 at 21,, and then exhib 
its ?ow softening or decreasing ?ow stress at high E. At 
a sufficiently high strain is, substantially constant 
(steady state) ?ow is reached. Typical values of 3p and 
E, for high melting temperature alloys used in aerospace 
applications are respectively about 0.15 and 0.75. Mi 
crostructure changes which accompany an observed 
flow stress response consist essentially of initiation of 
dynamic recrystallization at E: S/6EP; partial recrystal 
lization of the material at strains between 5/6 E, and Q, 
the volume percent of recrystallized material in the 
microstructure increasing in a sigmoidal fashion with 
strain; and full recrystallization to an equilibrium or 
steady state grain size at Z greater than 5. 
FIG. 2 shows qualitatively a plot 20 of steady state 

grain size as a function of deformation rate and tempera 
ture. Deformation temperature is normally in the range 
of about 60 to 95% of melting temperature in °K. for 
materials of interest herein. The logarithm of the steady 
state grain size which is achieved during dynamic re 
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crystallization is typically a linear function of the loga 
rithm of deformation rate i and of the inverse of defor 
mation temperature. Thus grain size in an initially 
coarse structured alloy can be re?ned by suitable choice 
of 'e'and T. Selection of suitable i is limited, however, 
by the hot workability or fracture resistance of the 
material. FIG. 3 shows graphs 31,33 of fracture strain 
versus grain size showing qualitatively hot workability 
as a function of grain size at two different deformation 
rates 61 and ‘£2. In general, hot workability at a given 
temperature increases as deformation rate decreases and 
as grain size decreases. In accordance with a governing 
principle of the invention, materials for which the in 
vention is most applicable, that is, those in which dy 
namic recrystallization predominates during hot work 
ing, may include many high melting temperature alloys 
such as those based on nickel or titanium and intermetal 
lic materials such as the aluminides, silicides and beryl 
lides. Alloys of speci?c interest include, but are not 
necessarily limited to, nickel base superalloys including 
Waspaloy, Astroloy, Udimet 700, IN-lOO, and Rene 95; 
nickel-iron-base superalloys including alloys 718 and 
901; iron-base superalloys including A-286; conven 
tional titanium alloys including Ti-5Al-2.5Sn, Ti-SAl 
lMo-IV, Ti-6Al-4V, Ti-6Al-2Sn-4Zr-2Mo, Ti-6Al-2Sn 
4Zr-6Mo, Ti-6Al-6V-2Sn, Ti-l7, Ti-lOV-2Fe-3Al, Ti 
l5V-3Cr-3Al-3Sn, Beta 21S, Ti-llOO; alpha-two base 
titanium aluminides including Ti-24Al-llNb, Ti-25Al 
17Nb, Ti-25Al-1ONb-3V-1Mo (atomic percent); gam 
ma-base titanium aluminides including Ti-48Al-2Cr 
2Nb, Ti-46Al-5Nb-1W, Ti-5lAl-2Mn (atomic percent); 
other near-gamma and gamma titanium aluminides of 
compositions (in atomic percent) in the range Ti-(40 
55)Al-(O-l5)M where M denotes the elements Cr, Nb, 
W, Mn, Ta, Mo, V, B, Si, Zr, taken singly or alloyed 
several at a time with titanium and aluminum; ortho‘ 
rhombic titanium aluminides including Ti-22Al-23Nb, 
Ti-22Al-27Nb (atomic percent); nickel aluminides based 
on Ni3A1 or NiAl; iron aluminides based on FC3A1 or 
FeAl; Nb3Al and NbAl3; niobium silicides such as those 
based on Nb-Nb5Si3; silicides based on MoSig; and be 
ryllides such as BenNb, BcnNbz, BelgNbz, BelzTi, 
BeuTa, and Be13Zr. 
FIG. 4 shows graphs 41,43, respectively, of ram 

stroke versus time and strain rate versus time for an 
isothermal forging process representative of the method 
of the invention performed on an initially coarse grain 
material. Deformation (forging) temperature is about 60 
to 95% of melting, and preferably about 90% of melting 
and, for the high melting temperature alloys of most 
interest here is in a range of about 1200° to 1800° K. 
During the initial deformation step ram velocity and 
strain rate are held relatively low (about 0.5 to 5 X10-3 
in/in/sec) to avoid fracture, because the coarse grain 
material has limited workability, and to bring about a 
substantially fully recrystallized finer grain structure 
with better workability. This usually requires a defor 
mation E of approximately 0.75 (equivalent to a reduc 
tion in height ratio of about 2:1). Thereafter, ram veloc 
ity (strain rate) is typically increased by a factor of 
about 20 to 100 and an additional strain of about 0.75 is 
imposed to further re?ne the grain size. Total strains in 
the forging process may exceed 2.0. Therefore, a plural 
ity of deformation rate increments may be used in the 
practice of the invention to successively re-recrystallize 
and re?ne the microstructure during a given processing 
operation. 
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4 
During isothermal forging of materials of most inter 

est, El would typically lie ‘in the range of 0.5 to 
10x10"3 in/in/sec, whereas £2 would usually be a fac 
tor of 20 to 100 times larger i.e., 0.01 to 1.0 in/in/sec. In 
the preferred embodiment, €1 is l to 3X 10'-3 in/in/sec 
and E2 is 0.025 to 0.1 in/in/sec. The precise ranges of 
strain rates are limited by the press characteristics, die 
material strength, and the exigencies of economic pro 
duction. 
The demonstration material selected for forging was 

a gamma titanium aluminide (T i-5lAl-2Mn) billet. The 
starting ingot had a grain size of about 400 microns (p) 
and was converted to wrought product with grain size 
of about 25p. in a single forging stroke. FIG. 5 shows 
speci?c stress-strain data for this alloy deformed at 
2100° F. at strain rates of 0.001 in/in/sec (curve 51) and 
0.1 in/in/sec (curve 53). Both stressestrain curves have 
a maximum at Eof about 0.1 followed by softening until 
a steady state stress is obtained at Fof about 0.6; this 
behavior is indicative of a material undergoing dynamic 
recrystallization, as discussed above. Table I summar 
izes the results of several forging trials for the Ti-5Al 
2Mn alloy. Referring now to FIG. 6 for forging number 
1, an initial strain rate (graph 61) of 0.0006 in/in/ see was 
imposed; after a reduction of 2:1 (E=0.69), the cross 
head speed was increased to yield a second strain rate 
(graph 63) of 0.029 in/in/sec at the conclusion of defor 
mation with a ?nal overall reduction of 4:1. This pro 
cess yielded a ?ne (25p. grain size) uniform structure 
with no defects. For forging number 2, strain rate was 
increased from 0.001 to 0.52 in/in/sec with similar suc 
cess and re?ned grain size. By contrast, for forging 
number 3, initial and ?nal deformation rates were high 
(0.5 in/in/sec) which led to substantial macroscopic and 
microscopic cracking. 
Although the invention was demonstrated using iso 

thermal pancake forging, open or closed die forging, 
hot die forging or other conventional forging processes 
may be used as would occur to the skilled artisan guided 
by these teachings. The invention is best practiced using 
computer controlled equipment (e.g., hydraulic forging 
press) into which precise ram stroke versus time pro?les 
can be programmed based on data from simulative 
workability tests such as hot upset or hot tension tests. 
The invention is most applicable to manufacture of 
discrete components, but can be applied to processes 
such as ring rolling. The product may be a semi?nished 
(i.e. for subsequent processing) or ?nished part. 

TABLE I 

Forging Z1- 5 
Number (in/in/sec) (in/in/sec) Observations 

1 0.0006 0.029 Good forging-no defects 
2 0.01 0.52 Good forging-no defects 
3 0.52 — Bad forging-multiple defects 

The invention therefore provides a method for opti 
mizing hot workability of coarse grain materials, partic 
ularly difficult-to-work high melting temperature al 
loys, in obtaining re?ned microstructures in the materi 
als. It is understood that modi?cations to the invention 
may be made by one skilled in the ?eld‘of the invention 
within the scope of the appended claims. All embodi 
ments contemplated hereunder which achieve the ob 
jects of the invention have therefore not been shown in 
complete detail. Other embodiments may be developed 
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without departing from the spirit of the invention or effect a ?rst increment of dynamic recrystallization 
from the §¢°Pe of the appmded clalms- and grain re?nement without fracture in said mate 
We claim: rial; and 
l. A method for forging a coarse grain material to 

enhance hot workability and to re?ne microstructure of 5 
said material, comprising the steps of: 

(a) providing a billet of coarse grain material; 

(d) thereafter deforming said billet at a second strain 
rate in the range of about 0.025 to 0.1 in/in/sec to 
effect a further degree of dynamic recrystallization 

(b) heating said billet to a temperature of at last 60 and grain re?nement without fracture in said mate 
percent of the melting temperature of said material 1131- _ _ 
in ‘K_; 10 2. The method of claim 1 wherein said deformation 

(c) deforming said billet at a ?rst strain rate in the step is performed using hot isothermal forging. 
range ofabout lXl0-3to3X10—3in/in/sec and to ' " ‘ ‘ ‘ 
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